Short interspersed nuclear elements (SINEs) are non-autonomous transposable elements which are propagated by retrotransposition and constitute an inherent part of the genome of most eukaryotic species. Knowledge of heterogeneous and highly abundant SINEs is crucial for de novo (or improvement of) annotation of whole genome sequences. We scanned Poaceae genome sequences of six important cereals (Oryza sativa, Triticum aestivum, Hordeum vulgare, Panicum virgatum, Sorghum bicolor, Zea mays) and Brachypodium distachyon to examine the diversity and evolution of SINE populations. We comparatively analyzed the structural features, distribution, evolutionary relation and abundance of 32 SINE families and subfamilies within grasses, comprising 11 052 individual copies. The investigation of activity profiles within the Poaceae provides insights into their species-specific diversification and amplification. We found that Poaceae SINEs (PoaS) fall into two length categories: simple SINEs of up to 180 bp and dimeric SINEs larger than 240 bp. Detailed analysis at the nucleotide level revealed that multimerization of related and unrelated SINE copies is an important evolutionary mechanism of SINE formation. We conclude that PoaS families diversify by massive reshuffling between SINE families, likely caused by insertion of truncated copies, and provide a model for this evolutionary scenario. Twenty-eight of 32 PoaS families and subfamilies show significant conservation, in particular either in the 5 0 or 3 0 regions, across Poaceae species and share large sequence stretches with one or more other PoaS families.
INTRODUCTION
In plants the repetitive DNA fraction represents the largest part of the genome and hence determines the genome size. Due to their length and copy number, many different types of retrotransposons constitute the majority of the repetitive DNA (Lisch, 2013; Bennetzen and Wang, 2014) .
However, a particular class of retrotransposons, designated short interspersed nuclear elements (SINEs) or retroposons, do not occupy large fractions of plant genomes although they are highly abundant. SINEs are widely scattered across the genome and are often found close to or within other repeats, but also in coding regions (Lenoir et al., 2001; Baucom et al., 2009; Seibt et al., 2016) . SINEs exhibit extreme sequence diversity and different abundance between closely related species (Schwichtenberg et al., 2016; Seibt et al., 2016) .
Plant SINEs are short (80-350 bp), non-coding and nonautonomous retrotransposons (Deragon and Zhang, 2006; Wenke et al., 2011) . Originally derived from tRNA genes, they are transcribed by RNA Polymerase III (Pol III), based on their internal Pol III promoter comprising a box A and box B motif (Galli et al., 1981) . SINEs are flanked by target site duplications (TSDs) resulting from their propagation by target-primed reverse transcription (Luan et al., 1993; Ostertag and Kazazian, 2001) and are terminated by a poly (A) stretch, a poly(T) stretch or simple sequence repeats (Yoshioka et al., 1993; Yasui et al., 2001; Kajikawa and Okada, 2002 ). The precise mechanism of SINE formation is still poorly understood, but their widespread distribution among eukaryotes together with an extreme structural diversity indicates that they emerged de novo many times during evolution (Luchetti and Mantovani, 2013) . However, new SINE families can also originate from the combination of pre-existing ones as well as SINE-long interspersed nuclear element (LINE) combination, caused by reverse transcriptase template switch (Weiner, 2002; Nishihara et al., 2006) . Furthermore, recombination between multiple SINE copies and subsequent amplification of the resulting chimera has been proposed (Takahashi and Okada, 2002; Deragon and Zhang, 2006; Yadav et al., 2012) .
Since they are non-coding, the transposition of plant SINEs is likely to be mediated by the enzymatic machinery of active corresponding LINEs (Boeke, 1997; Jurka, 1997; Kajikawa and Okada, 2002; Dewannieux et al., 2003) . The recognition of SINE transcripts by LINE proteins such as reverse transcriptase (RT) is accomplished exclusively on the basis of the SINE tail. Only a few SINEs and LINEs show high sequence similarities at their 3 0 end reviewed in Okada et al., 1997; Baucom et al., 2009; Wenke et al., 2011) . However, the origin of the tRNA-unrelated 3 0 region, highly variable in sequence and length, is still unknown for most SINEs.
The population of all SINEs in a genome represents a snap-shot of the dynamic process of emergence and amplification of SINE families, and diversification into SINE variants until final decay and extinction (Deininger and Batzer, 1995) . Copies originating from the same ancestral SINE form a SINE family which is subject to diversification by accumulation of point mutations (reviewed in Kramerov and Vassetzky, 2005; Wenke et al., 2011) . The number of SINE families within a genome is highly variable, ranging from a single SINE family in the Vitaceae up to 22 SINE families recently described in the Amaranthaceae (Deragon and Zhang, 2006; Wenke et al., 2011; Schwichtenberg et al., 2016) . Diversification into subfamilies is common and results in species-specific SINE variants, as observed, for example, in tobacco and some Amaranthaceae species (Wenke et al., 2011; Schwichtenberg et al., 2016; Seibt et al., 2016) .
In plants, SINE families have been reported in some eudicots (Solanaceae, Brassicaceae, Fabaceae, Salicaceae, Amaranthaceae), monocots (Poaceae), basal angiosperms (Nymphaeaceae) and in gymnosperms (Pinaceae, Gnetaceae) (Umeda et al., 1991; Yasui et al., 2001; Xu et al., 2005; Deragon and Zhang, 2006; Fawcett et al., 2006; Tsuchimoto et al., 2008; Baucom et al., 2009; Wenke et al., 2011; Yagi et al., 2011; Schwichtenberg et al., 2016) . The Poaceae, the fifth largest plant family comprising more than 11 000 grass species (Aliscioni et al., 2012) , include cereals such as wheat, rice and maize, which are the staple food for the majority of the world's population. Except for rice and Brachypodium distachyon, cereal genomes are large; however, today's sequencing technologies make genome sequences accessible and the number and quality of sequenced grass genomes is constantly increasing.
Despite the increasing number of genomic data, the correct annotation of highly heterogeneous SINEs, if performed at all, poses a substantial challenge, and detailed knowledge of SINEs is crucial for understanding their structure, origin, evolutionary diversification and conservation across species. Despite their impact on gene and genome evolution (Cordaux and Batzer, 2009; Deininger et al., 2011; Schmitz, 2012; Seibt et al., 2016) , knowledge about SINE dynamics, conservation and evolution is still limited. In this study, we present a detailed molecular and cytogenetic analysis of SINEs in Poaceae. We describe 32 SINE families and subfamilies in grasses, relate transpositional activity during species radiation with SINE distribution and provide evidence for their reshuffling-based evolution summarized in a model for SINE family formation.
RESULTS

Structural characterization of Poaceae SINEs
For the targeted identification of SINEs we applied the SINE-Finder software (Wenke et al., 2011) and BLAST analyses to scan a dataset of 144 Gbp containing sequence data of Poaceae genomes from public databases. In total, 11 052 SINE copies were retrieved and assigned to 32 families and subfamilies ( Figure 1 and Tables S1, S2 and S4). We found 12 novel Poaceae SINE (PoaS) families, designated PoaS-III to PoaS-XIV, identified in seven plant species: rice (Oryza sativa), B. distachyon, wheat (Triticum aestivum), barley (Hordeum vulgare), switchgrass (Panicum virgatum), sorghum millet (Sorghum bicolor) and maize (Zea mays). Importantly, our approach greatly expanded the number of copies of previously identified SINE families, mostly from rice and maize, by many thousands and provided a robust basis for detailed characterization.
The successive accumulation of mutations leads to diversification among SINE copies and, hence, to subfamilies. For example, we identified 2685 novel copies of OsSN2 (Tsuchimoto et al., 2008) , forming a diverged subfamily, which we have designated OsSN2.2 (Figure 1 ). We also found remarkably diversified subfamilies for some PoaS families: PoaS-V is composed of two subfamilies, designated PoaS-V.1 and PoaS-V.2, sharing 65% sequence similarity but differing in the consensus length (145 bp and 140 bp), tail motif and species distribution, respectively. Also, three subfamilies have been identified in both PoaS-X and PoaS-XI.
We found 18 SINE families terminating with a poly(T) and 14 families with a poly(A) stretch at their 3 0 end. Interestingly, PoaS-V occurs in two different variants: the subfamily PoaS-V.1 is characterized by a poly(T) tail and PoaS-V.2 by a poly(A) tail (Table 1) . Also, some genomes such as rice are populated by SINE families with both tail variants (p-SINE1 and PoaS-XIII). The majority of SINE families and subfamilies are between 108 and 178 nucleotides long, while nine families exhibit an extended length (e.g. PoaS-XIII, 244 bp; OsSN2.2, 283 bp; PoaS-XIV, 312 bp; PoaS-VII, 321 bp).
Using the genome where most copies of a given SINE family occur as a reference, we selected 7444 copies from all seven species investigated to conduct a detailed analysis of typical SINE features (Table 1) . From these SINEs, 4297 copies were complete, while 3147 copies were 5 0 -truncated and were excluded.
The average similarity of SINE family members mostly ranges from 70% to 89% (Table S5) . Highly diverged SINE families are PoaS-XIII and PoaS-V.1 (64% and 68% average sequence identity, respectively), while highly similar copies were detected for p-SINE3 (90%) and, in particular, for PoaS-X.2 (96%) and PoaS-X.1 (97%).
By comparison of the 5 0 and 3 0 flanking regions of the 4297 full-length copies we determined the length of the TSDs also enabling the delimitation of the 3 0 tail length of the SINEs (Tables 1 and S6 , Figure S1 ).
The TSD length reaches a maximum of 24 nucleotides for two Au copies. The average values range from 6 bp (ZmSINE2.2) to 16 bp (PoaS-X.1). A positive correlation of TSD length with average SINE similarity is clearly detectable (correlation factor of 0.42 and P-value of 0.01; Figures 2 and S2) . Highly diverged SINE families such as PoaS-V.1 and PoaS-XIII have shorter TSDs than the highly conserved SINE families such as p-SINE3, PoaS-X.2 and PoaS-X.1 (Figure 2) . Altogether, 616 of 4297 (14%) characterized full-length Poaceae SINE copies do not have a minimum TSD of five nucleotides (Table S6) .
Averaged tails are between 7 and 10 bp long (Table 1) . Extreme values are 25 residues for a poly(A) tail and 24 residues for a poly(T) tail in individual copies of OsSN3 and p-SINE2, respectively. A 3 0 tail was not present in 1032 of 4297 (24%) characterized full-length Poaceae SINE copies. For example, more than half of all ZmSINE1 copies (134 out of 294) in Z. mays lack the poly(T) tail, which is characteristic for this family.
The copy number of Poaceae SINE families per genome ranges from two copies (ZmSINE3 in Z. mays) up to 1250 copies of OsSN2.2 in T. aestivum ( Figure 1 , Table S3 ). The ratio of full-length to 5 0 -truncated copies shows extreme variation between SINE families and is 3:1 on average for all SINE families investigated ( Figure S3) . Notably, for all three OsSN SINE families the number of 5 0 -truncated copies exceeds, sometimes massively, the number of fulllength copies (Table 1, Figure 1 ).
Similar to most plant SINEs Poaceae SINEs are most probably derived from tRNA genes and contain two sequence motifs resembling box A and box B of the RNA polymerase III promoter. However, by comparing the 5 0 regions of all Poaceae SINE families with 702 Viridiplantae tRNA genes (J€ uhling et al., 2009) , no specific tRNA gene could be identified from which Poaceae SINEs may have originated (Figures S4 and S5, Table S7 ). Nevertheless, single nucleotides in boxes A and B are highly conserved and invariable across species and SINE families. Moreover, we found conserved 5 0 starts upstream of box A of the Poaceae SINEs across species. All SINE families can be assigned to one of three typical motifs:
However, no species-specific grouping was detected ( Figure S6 ).
The high copy number of most SINE families prompted us to investigate the chromosomal distribution. We performed fluorescent in situ hybridization using ZmSINE1 Figure 1 . Phylogenetic distribution of 32 Poaceae short interspersed nuclear element (SINE) families and subfamilies. The grid shows the distribution, copy number and age of SINE families and subfamilies in Poaceae species (rows). Numbers refer to full-length SINE copies, numbers in brackets are 5 0 -truncated copies. Numbers (black) in bold indicate total copy numbers (full length and 5 0 truncated) per SINE family (below) and per species (right). Grey shadings show SINE families with subfamily structures. Bars (color coded for Poaceae subfamilies) summarize the distribution of SINE families and subfamilies, showing the number of genomes where a SINE family or subfamily occurs. Putative periods of amplification of SINEs during species radiation are represented by different symbols according to the phylogenetic scheme (left). Phylogenetic relationships and divergence times are modified from Gaut (2002) and Charles et al. (2009). and a part shared by PoaS-X subfamilies as probes on mitotic metaphase chromosomes of maize and wheat, respectively (Figure 3 ). Both SINEs are present on all chromosomes. In wheat, the PoaS-X subfamilies are uniformly dispersed along chromosomes up to the outermost distal regions (Figure 3a-c) . In contrast, in addition to the moderate dispersed distribution, ZmSINE1 is largely clustered in distal ends and some centromeric regions of maize chromosomes (Figure 3d-f) .
Species distribution as an indicator of the evolutionary age of grass SINEs
Comparative investigation of the genomic abundance of the 32 SINE families in Poaceae species revealed that the copy number can vary by up to three orders of magnitude across species (Figure 1) . Moreover, based on the evolutionary history of the grass species investigated, the distribution pattern of a SINE family, and the assumption that the complete removal of all copies of a SINE family from a given genome is unlikely, we have inferred the minimum age of SINE families (Figure 1) . Nevertheless, the distribution patterns are patchy (e.g. p-SINE3, OsSN1, OsSN2.2, ZmSINE2.1, ZmSINE2.2, PoaS-III and PoaS-XII) and do not fully mirror the phylogenetic relationships, most likely caused by a lack of SINE activity over a long period and divergence until decay of existing SINE copies (Fawcett and Innan, 2016; Schwichtenberg et al., 2016) . SINE families and their number of copies, separated into full-length and 5 0 -truncated elements, were listed in a matrix relating the data to the phylogenetic relationship of Relation between similarity of short interspersed nuclear element (SINE) family members, target site duplication (TSD) length and length of 3 0 tails of Poaceae SINEs. The average TSD lengths (bars) of SINE families are arranged by increasing size and compared with the average length of 3 0 tails (diamonds) and the average similarity of SINE family members (dots). PoaS-XIV (one full-length copy only) is not included. the seven Poaceae species of the Ehrhartoideae, Pooideae and Panicoideae (Figure 1 ). The number of SINE families per species ranges from five in maize up to twelve in rice with dramatic differences in copy number (e.g. p-SINE1 versus p-SINE3; Table 1 ). The highest copy number across all species was found for OsSN2.2 (2,685), followed by Au (1,350) and ZmSINE1 (1,111); the species breakdown is shown in Figure 1 . The genomes of closely related species such as maize and sorghum in the Panicoideae share many but not all of the 12 SINE families found in the PACC clade (Figure 1 , red), which is presumably the result of evolutionary divergence and species radiation. In contrast, although species of the Ehrhartoideae, Pooideae and Panicoideae radiated 60 million years ago (mya), their genomes still contain the conserved SINE families ZmSINE2.1 and ZmSINE2.2, indicating the longevity of these SINE families ( Figure 1) .
The large evolutionary distance between rice and Pooideae species, having their last common ancestor 50 mya, is reflected by the existence of six SINE families (p-SINE2, OsSN3, PoaS-IV, PoaS-VII, PoaS-IX and PoaS-XIII) occurring exclusively in rice but not in the Pooideae. In contrast, 16 of the 20 SINE families and subfamilies of Pooideae do not exist in rice. Moreover, 11 SINE families and subfamilies (PoaS-I, PoaS-II, PoaS-V.2, PoaS-VI, PoaS-X.1-3, PoaS-XI.1-3 and PoaS-XIV) are only detectable in B. distachyon, wheat and barley. These data suggest that emergence and diversification occurred after separation of these species from rice. Therefore, these SINE families, widely distributed in the Pooideae, may have arisen between 50 and 35 mya.
Wheat and barley diverged approximately 13 mya (Gaut, 2002) and both genomes contain, although with considerable differences in abundance, the SINE families and subfamilies OsSN2.2, ZmSINE1, Au, PoaS-II, PoaS-V.2, PoaS-VI, PoaS-X.1-3, PoaS-XI.1-3 and PoaS-XII, suggesting that the progenitor of both species did harbor ancestral copies of these SINE families. A distribution limited to the genomes of wheat and barley only was observed for the SINE families and subfamilies PoaS-VI, PoaS-X.1-3 and PoaS-XI.1-3. The absence in B. distachyon suggests an age of < 35 mya.
Diversification after radiation of wheat and barley species was observed for 11 copies (10 truncated) of PoaS-XIV, which occurs exclusively in wheat. Therefore, we assume that PoaS-XIV is a relatively young and still emerging SINE family.
The ancient and widespread Au SINE, first detected in Aegilops umbellulata (Yasui et al., 2001) , is present in six of seven analyzed species and has existed for at least 50 million years in the grasses investigated. Notably, Au is not detectable in the rice genome, a representative of the Ehrhartoideae, but shows the highest copy number in T. aestivum, which is a close relative of A. umbellulata.
The common ancestor of maize and sorghum millet dates back only about 9 mya (Gaut, 2002) , but they contain currently diversified and different sets of SINE families. In maize, but not sorghum millet, ZmSINE2.2 and ZmSINE2.3 are found, while conversely the S. bicolor genome harbors, although in relatively low copy numbers, OsSN1, OsSN2.2, PoaS-VIII, and PoaS-XII. Both genomes contain the ZmSINE1 family, but with a more than 10-fold higher copy number in maize.
Other SINE families are restricted to a single clade of the Poaceae only, for example ZmSINE3 with SINE copies in P. virgatum, S. bicolor and Z. mays (Panicoideae), indicating its emergence 28 mya.
OsSN2.2 was the most successful SINE family with regard to its genome colonization ( Figure 1) . It is present with 1250 and 1155 copies in wheat and barley, respectively (Table S3 ). In particular, the 5 0 -truncated copies of OsSN2.2 account for the high abundance in the Pooideae species. Taking into account only full-length SINE copies, p-SINE1 has the highest copy number (631) among all Poaceae SINE families. A widespread distribution with moderate copy number was observed for the PoaS-V subfamilies (PoaS-V.1 and PoaS-V.2), which populated all analyzed Poaceae species.
Similarity intervals indicate periods of transpositional activity
Evolutionarily ancient SINE families have more diverged TSDs and a lower sequence similarity among copies caused by accumulation of mutations over time. However, sudden transpositional bursts must be taken into account as an important amplification mode of SINEs and result in a large number of highly similar copies. Since the consensus sequence reflects the most common primary structure of all members of a SINE family, nucleotide changes in SINE copies are suitable to evaluate the genetic diversity and the time passed since periods of transpositional activity.
We comprehensively analyzed the sequence similarity between members of the 32 SINE families across species to monitor periods of activity of SINEs. We performed a pairwise comparison of full-length SINE copies with the respective family consensus sequences and grouped them into intervals from 60% to over 90% similarity. These interval profiles provide information about the transpositional activity in different Poaceae species (Figures 4 and S7) .
For example, the PoaS-XIII family has a decreasing number of copies per interval spanning from 60% to 90% similarity and hence is considered as continuously active over a long period with a slow decrease of transpositional activity over time in rice (Figure 4a ). A recent transpositional burst, recognizable, for example, by copies ranging between 92% and 100% similarity and narrow peaks in the diagram, is correlated with amplification of OsSN2.2 in S.
bicolor ( Figure 4a ). Multiple transposition periods are proposed for ZmSINE2.1 in B. distachyon (Figure 4a ), OsSN2.1 in O. sativa or PoaS-XII in T. aestivum ( Figure S7 ). Recent transposition is also proposed in wheat for Au (328 of 471 copies between 90% and 100% similarity), PoaS-X.1 (51 of 53 copies between 92% and 100% similarity) and PoaS-X.2 (all copies between 92% and 100% similarity) ( Figure S7 ). Nevertheless, in barley most SINE families such as ZmSINE1 (46 of 54 copies between 64% and 74% similarity) and to some extent OsSN2.2 do not show recent transpositional bursts, in contrast to the likely and more recent activity of SINEs in wheat (e.g. ZmSINE1, Figure 4b ). Consistently, activity profiles of wheat PoaS families correlate clearly with the number of transcribed SINE sequences obtained by BLAST searches against the NCBI transcriptome shotgun data of T. aestivum (Figures 4c and S7 , Table S8 ). The transpositional activity of SINE families has a strong impact on abundance: a fourfold amplification has been observed for ZmSINE1 in T. aestivum (136 of 200 copies between 92% and 100% similarity) compared with H. vulgare (54 copies) with low similarity values (Figure 4b ). The same applies to ZmSINE1 copies in S. bicolor (23 copies) and Z. mays (294 copies) ( Figure S7 ). Despite the increase in copy number in different grass species we did not observe major changes in the ZmSINE1 structure.
In contrast, the PoaS-V.2 copy number in H. vulgare (158 of 223 copies between 90% and 98% similarity) is almost sixfold higher than in T. aestivum (38 copies) (Figure 4b ). The burst is accompanied by an 11 bp insertion in the 3 0 region of PoaS-V.2 in H. vulgare, which is missing in T. aestivum and B. distachyon copies ( Figure S8 ).
Multimerization creates large SINEs
The length of all 32 Poaceae SINE families falls into two distinct size ranges ( Figure 5 ). The majority (23) of Poaceae SINE families and subfamilies belong to the length category of 100-180 bp, whereas the remaining Poaceae SINEs are between 240 and 340 bp long. As the size of 240-340 bp is rather unusual, we examined these SINE families and subfamilies in more detail. We found evidence for the emergence of enlarged SINEs, mostly heterodimers, formed by a combination of full-length or nearly full-length SINE copies ( Figure 6 , Table S9 ). Most importantly, the combined SINEs are terminated by either a poly(A) or poly (T) tail and flanked by TSDs, providing evidence that they have indeed been active as multimers. This is consistent with the intact structure of the 5 0 unit of the multimerized SINEs which is crucial for transcription.
The three ZmSINE2 subfamilies (ZmSINE2.1, ZmSINE2.2, and ZmSINE2.3) as well as PoaS-XIII, PoaS-XIV, PoaS-VII and the two OsSN2 subfamilies (OsSN2.1 and OsSN2.2) contain internal fusion sites resembling the poly(A) tails, poly(T) tails or poly(AC) tails, respectively, which separate the adjacent SINE copies. The RNA polymerase III promoter motifs box A and box B are typically between 31 and 41 nucleotides apart ( Figure S4 ). The sequence of the promoter boxes, their conserved position and distances from each other are significantly more degenerated (designated A 0 and B 0 ) in the 3 0 SINE units of the dimerized SINE families. In particular, the box A motifs of the 3 0 SINE units of OsSN1, OsSN2.1, OsSN2.2 and ZmSINE2.1 are strongly diverged and fall below the level of detection ( Figure 6 ). Further evidence for SINE multimers comes from the occurrence of the conserved 5 0 start sequence motifs, which we have identified as a typical structure for the Poaceae SINEs. Regarding the first six nucleotides of the 5 0 start, Poaceae SINE families and subfamilies can be assigned to one of the following three groups: Figure S6 ).
In the heterodimer PoaS-XIII, the motif 5 0 -GMGAA(M)-3 0 of the 3 0 SINE unit is located prior to box A 0 and directly downstream of the fusion site, which consists of four thymines resembling the poly(T) tail of the 5 0 SINE unit ( Figure 6 ). Furthermore, the spacing between the box A 0 and box B 0 motif of the 3 0 SINE unit corresponds to the most common distance of 33 bp (Figures 6 and S4 ). Therefore, PoaS-XIII evolved by integration of a full-length SINE In OsSN2.1, OsSN2.2 and ZmSINE2.1, the 5 0 start motif exhibits longer distances to the fusion sites, indicating integration closely downstream of the 3 0 tail of a SINE, whereby a short genomic sequence of the 3 0 flanking region is probably captured in the dimerized SINE. The longest SINE family, ZmSINE2.2 (333 bp), constitutes a trimer, as we identified an additional, third promoter motif. In the trimeric ZmSINE2.2 and dimeric ZmSINE2.3, the internal (118 bp) and 3 0 regions (196 bp), respectively, consist of genomic DNA which resembles highly diverged 3 0 SINE units as we detected the A 0 and B 0 box motifs. Exclusively in wheat, PoaS-XIV constitutes a recently evolved homodimeric SINE (Figure 6 ), consisting of two tandemly arranged PoaS-X.1 copies, which differ only by two single nucleotide changes (a deletion at position 125 0 tail of nine thymines. We detected only a single full-length copy which is flanked by a 16-bp TSD, but ten 5 0 -truncated copies and six aberrant fragments ( Figure S9 ).
PoaS
Evolutionary relations between Poaceae SINEs
The evolution of SINE families is substantially driven by the transpositional activity and diversification. To uncover evolutionary patterns of emergence and divergence, we performed pairwise comparisons of the consensus sequences of all Poaceae SINE families and subfamilies. Only regions with sequence similarities of at least 70% spanning at least 30 bp were taken into account and considered to be of the same origin ( Figure 7 , Table S2) .
Surprisingly, 28 of 32 Poaceae SINE families and subfamilies are structurally related across Poaceae species and share sequence regions with at least another SINE family or subfamily. Only the SINE families PoaS-I, PoaS-IV, PoaS-VIII and ZmSINE3 did not show any structural relatedness to other grass SINEs in this study.
The lengths of highly similar sequence motifs range between 31 bp (PoaS-VI and PoaS-V.2) and 201 bp (OsSN1 and OsSN2.2), and similarities for corresponding portions were found to be from 71% between PoaS-VII and PoaS-XIII up to 99% between PoaS-XIV and PoaS-X.1 (Figure 7) . Based on the region in which the similarity was found we suggest the following routes of SINE evolution in grasses: integration of full-length or truncated SINEs from abortive transcripts (i), diversification and vertical transmission (ii) and reshuffling (iii).
(i) Abortive reverse transcription of full-length SINE copies or reverse transcription of 5 0 -truncated SINE transcripts, both followed by integration into existing SINEs, is probably the most frequent process responsible for partial structural conservation. We postulate that some SINEs such as the p-SINE, ZmSINE or OsSN families, presumably all present in high copy numbers, were target sites for single or multiple integration events of truncated unrelated SINEs thereby resulting in novel mosaic-like SINEs.
We observed several groups of SINE families which show considerable similarity in their 5 0 or 3 0 regions but variability in the remaining regions:
The three p-SINE families from rice show different 3 0 regions and terminate with poly(T) tails. They were most likely formed by the acquisition of different genomic sequences to the same founder SINE family, probably also by integration of truncated members of unrelated SINE families, thus resulting in common 5 0 regions which show 82% similarity (Figure 7, (Figure 7 , purple) and reached a higher complexity.
To demonstrate the relationship of the common 5 0 regions, a rooted dendrogram was constructed based on representative sequences of the conserved motifs that these SINEs have in common (Figure 8 ). Copies showing the highest similarity to the consensus element were selected, and only the first 80 bp of their 5 0 end were analyzed. Due to the low divergence of copies, all ZmSINE2.1 and ZmSINE2.2 sequences group together. Their position apart from the OsSN2 consensus sequence used as an outgroup, reveals the basal phylogenetic position of ZmSINE2.1 and ZmSINE2.2 which were, therefore, probably involved in the evolution of this SINE group (Figure 7) .
OsSN1 of this group is linked with OsSN2.2 and OsSN2.1 by sharing a large part of the 3 0 region, indicating that these three OsSN families were probably targets for the integration of copies from the same SINE family (Figure 7 , yellow and brown). Moreover, OsSN1 is a composite SINE which carries an additional 51 bp of the 3 0 part of PoaS-VII (Figure 7 , pink). The 3 0 SINE unit of the heterodimeric PoaS-VII family is also found in PoaS-XIII: both share 91 bp of their 3 0 end including the poly(A) tail. A group of SINEs is related to PoaS-II: it shares the 3 0 region with PoaS-VI and PoaS-V.2, leading in the latter to the donation of a poly(T) tail and species specificity. PoaS-II also shares a large part of its sequence (75% similarity over 64 bp) with PoaS-III. However, it remains unclear which SINE family was the founder of this group, since PoaS-II, PoaS-III and PoaS-VI can be taken into account as donor SINEs. The heterodimer PoaS-XIII is also a mosaic SINE as it contains PoaS-II as the 5 0 SINE unit. The similarity of 76% over 50 bp of the widespread Au SINE with ZmSINE1 could be explained by integration of a 5 0 -truncated Au copy into the 3 0 end of a precursor SINE of ZmSINE1 (Figure 7 , turquoise).
(ii) Six families (PoaS-XI.1, PoaS-XI.2, PoaS-XI.3, PoaS-X.1, PoaS-X.2, and PoaS-X.3) diversified vertically by accumulation of single-nucleotide mutations or small indels without large structural changes resulting in subfamily structures. These SINEs only occur in the evolutionarily closely related grasses barley and wheat, and only differ in short regions with a maximum length of five nucleotides or even by single diagnostic positions, respectively (Figure 7 , orange and pale green).
(iii) Other structural relationships among PoaS families are based on similar internal regions, observed close to the 3 0 ends of SINEs (PoaS-VII and OsSN1, ZmSINE2.3 and PoaS-IX) (Figure 7 , red and light purple). ZmSINE2.3 shares a 39-bp region with PoaS-IX 8 bp prior to the 3 0 tail.
After acquisition of the 3 0 region of PoaS-IX, the outermost 3 0 end (8 bp) of ZmSINE2.3 might have been replaced by an extremely short ZmSINE2.2 region (8 bp and the 3 0 tail). Alternatively, it might have diverged over time or be the result of recombination (e.g. template switching). ZmSINE2.2 also includes a PoaS-IX portion; however, similarity is below 70% (light purple dotted lines in Figure 7 ).
Species-specific diversification forms subfamilies
OsSN2.1 might have possibly been the 5 0 founding sequence of PoaS-V.1 and PoaS-V.2, which both share more than 60% sequence similarity over their whole length. However, PoaS-V.1 and PoaS-V.2 form two subfamilies ( Figure S8 ) which differ in their 3 0 regions, in particular by different tail motifs. In PoaS-V.2, the 3 0 poly(A) tail can be traced back to a truncated copy of PoaS-II, PoaS-III or PoaS-VI. This structural peculiarity is strongly correlated with their contrasting distribution pattern among Poaceae species: members of PoaS-V.1 are only present in species of the Panicoideae and Ehrhartoideae, while PoaS-V.2 is restricted to the Pooideae including B. distachyon, T. aestivum and H. vulgare (Figure 1 ). To visualize the interspecies divergence of PoaS-V at the sequence level, an unrooted dendrogram was constructed using at most 20 representative copies of PoaS-V.1 and PoaS-V.2 of each plant species ( Figure S8 ). Both SINE subfamilies form two main branches containing PoaS-V.2 SINEs from B. distachyon, barley and wheat, and PoaS-V.1 SINEs from rice, switchgrass, sorghum millet and maize (Figure 9) . Moreover, within the main branches, species-specific diversification was observed for both PoaS-V subfamilies: PoaS-V.2 copies of H. vulgare are distally positioned on a separate branch, while PoaS-V.2 copies of B. distachyon and wheat show only minor differences from each other ( Figure S8 ) and are therefore grouped together. The very short branches within the barley clade indicate a high similarity and species specificity of PoaS-V.2 copies in barley, evidenced for example by an 11-bp deletion in the 3 0 region which is not found in PoaS-V.2 copies of B. distachyon and wheat ( Figure S8 ). Remarkably, 192 of 223 copies in H. vulgare (Figure 1) show at least 90% similarity to the consensus element (Figure 4b ), suggesting recent diversification accompanied by amplification. Furthermore, 31 and 30 nucleotides within the PoaS-V.2 consensus element of barley differ from those of B. distachyon and wheat, respectively.
Similarly, PoaS-V.1 copies of S. bicolor also form a separate main branch, caused by the higher number of 40, 25 and 30 diagnostic positions compared with rice, switchgrass and maize, respectively. By comparing consensus sequences, 23 and 24 diagnostic nucleotide changes were detected between rice and switchgrass and between rice and maize, respectively ( Figure S8 ). PoaS-V.1 copies of switchgrass and maize are more closely related and show only 14 nucleotide changes between the respective consensus elements.
DISCUSSION
Insights into grass SINEs
The de novo assembly and annotation of large genomes including those of major crops remains a challenging and laborious task caused by the large repetitive fraction of plant genomes (Arabidopsis Genome Initiative, 2000; International Rice Genome Sequencing Project, 2005; Schnable et al., 2009; Vogel et al., 2010; Brenchley et al., 2012; Mayer et al., 2012) . Therefore, the identification and characterization of repetitive sequences is crucial for genome annotation, while conversely genome sequences enable the understanding of repeat organization and evolution. In particular, genome sequences are an excellent resource for gaining knowledge of small but abundant retrotransposons such as SINEs which have only been comprehensively investigated in rare cases in plants (Lenoir et al., 1997 (Lenoir et al., , 2001 (Lenoir et al., , 2005 Deragon and Zhang, 2006; Wenke et al., 2011; Schwichtenberg et al., 2016; Seibt et al., 2016) .
However, the annotation of SINEs is gaining significance (Dohm et al., 2013; Aversano et al., 2015; Vu et al., 2015; Jiao et al., 2017) . In this study, we retrieved 11 052 SINEs falling into 32 Poaceae families and subfamilies, which is the highest number of SINE families characterized in a plant family so far. In the Amaranthaceae 28 SINE families and subfamilies have been recently described, while in the Brassicaceae 16 SINE families are known and 15 SINE families in the Fabaceae (Lenoir et al., 1997; Deragon and Zhang, 2006; Gadzalski and Sakowicz, 2011; Schwichtenberg et al., 2016) . In the Solanaceae 10 SINE families and subfamilies with more than 82 000 copies have been characterized (Wenke et al., 2011; Seibt et al., 2016) . Highly differing copy numbers of SINE families in the Poaceae species investigated are the result of the copyand-paste amplification by retrotransposition. Hence, the SINE populations observed are a snapshot of the situation between periods of amplification and gradual degeneration by mutations (Fawcett and Innan, 2016; Schwichtenberg et al., 2016) . TSDs flanking the SINEs are also subject to mutations, and thus their unambiguous determination and delimitation is often difficult, and in many studies the TSDs were excluded from detailed analysis (Lenoir et al., 2001; Deragon and Zhang, 2006; Tsuchimoto et al., 2008; Baucom et al., 2009; Wenke et al., 2011) . We observed a statistically significant positive correlation of average TSD lengths with average similarities of the full-length SINE sequences (Figures 2 and S2 ) implying that they might be suitable as indicators for recent activity and insertion. The TSD lengths of Poaceae SINE families (average 6-16 bp, 24 bp maximum) are variable ( Figure S1 , Table S6 ), and in a similar range to that reported for the TSD length of Fabaceae SINEs and Amaranthaceae SINEs which are 9-20 bp and 7-13 bp, respectively (Gadzalski and Sakowicz, 2011; Schwichtenberg et al., 2016) . However, some SINE copies in Amaranthaceae species have extreme TSDs reaching up to 36 bp (Schwichtenberg et al., 2016) .
The majority of plant SINEs terminate with a poly(A) tail. Surprisingly, among the 32 SINE families, we identified 18 families and subfamilies with a poly(T) tail, which presumably might be a specific feature of SINEs in grasses. Moreover, all poly(T) SINEs described so far in plants are restricted to and specific for the Poaceae, suggesting that this motif emerged at least 60 mya in the last common progenitor and has presumably contributed to the successful propagation of the respective SINE families (Umeda et al., 1991; Yasui et al., 2001; Xu et al., 2005; Baucom et al., 2009 ). An exception is the Au SINE, first detected in the wheat progenitor A. umbellulata, that also terminates by a poly(T) tail but is not restricted to grasses and is widespread in angiosperms and gymnosperms, suggesting its emergence 200 mya (Yasui et al., 2001; Fawcett and Innan, 2016) . However, most genomes, in particular rice and wheat genomes, also contain poly(A)-terminated SINE families. The average and maximum lengths of the poly(A) or poly(T) tails are similar to those of most plant SINEs but do not reach the extremes observed in Solanaceae SINEs and Amaranthaceae SINEs, which are characterized by tails with up to 45 and 48 adenines, respectively (Wenke et al., 2011; Schwichtenberg et al., 2016; Seibt et al., 2016) . In animals, extended tails covering more than 40 residues have been associated with recent activity and insertion (Odom et al., 2004) . Although some Poaceae SINE families must have been active in the recent past due to a large number of highly similar copies, extended 3 0 tails were not found for these SINEs. However, it remains unclear if the extended 3 0 tail of a given SINE copy is transcribed and also integrated completely by the LINE-RT or if it is just required for higher stability upon binding to the target site during target-primed reverse transcription or for recognition and binding of the relevant proteins, so that parts of the tail can get lost. Also, the observed negative correlation (correlation factor of -0.18 and P-value of 0.32) between the average tail lengths and the similarity of Poaceae SINE families (Figures 2 and S2) indicates no clear trend for a successive shortening over time as suspected for TSD lengths and similarity. However, despite the fact that SINE tails are also subject to an ongoing accumulation of mutations, their original length can be estimated using the positions of the conserved 3 0 ends and the TSDs. Plant SINEs, including the SINE families identified in this study, are derived from tRNA genes. The tRNA-derived region is relatively conserved in size and terminates shortly (14 nucleotides) after the box B motif (Deragon and Zhang, 2006) . Hence, the length variation of SINE families is mainly determined by the 3 0 region. Although SINEs up to 500 bp long have been described (Kajikawa and Okada, 2002) , most plant SINEs are typically 100-250 bp long. In Poaceae species, 72% of all SINE families and subfamilies belong to the size category 100-180 bp with PoaS-VIII being the smallest (108 bp). Similarly, Fabaceae SINEs are between 140 and 200 bp long, Solanaceae SINEs range between 106 bp and 244 bp, and Amaranthaceae SINEs between 113 bp and 223 bp (Gadzalski and Sakowicz, 2011; Wenke et al., 2011; Schwichtenberg et al., 2016) . Longer Poaceae SINEs, exemplified by ZmSINE2.2 (333 bp), are the result of structural rearrangements and fall in a second size category of 240-340 bp. A broader size range was found in Brassicaceae SINEs with lengths of 95 bp (SB8) up to 352 bp (SB7) (Deragon and Zhang, 2006) . The shortest SINE family described so far was detected in Manihot esculenta at 83 bp (EuphS-I) (Wenke et al., 2011) . This suggests that only the tRNA-related portion together with the 3 0 tail is required to form a minimalistic but functional and transposition-competent SINE (e.g. DAS-Ia; Churakov et al., 2005) . Hence, any genomic sequence may become part of a SINE provided that it is situated between the promoter motif and an A or T stretch, fulfilling the function of a tail, not more than approximately 400 bp in length and containing a sequence region with similarity to the transcriptional terminator motif (Comeaux et al., 2009) . This length constraint is in line with the elongation rate of RNA polymerase III (Schramm and Hernandez, 2002) .
Transpositional activity
For existence over long evolutionary time scales, at least a single copy of a SINE family ('master copy') has to have a 'safe' genomic environment ensuring its intactness and transposition competence (Deininger et al., 1992; Fawcett and Innan, 2016; Schwichtenberg et al., 2016) . The accumulation of mutations is, in addition to various factors such as genomic and chromosomal position, depends on the time passed after transposition. Therefore, SINEs families with recent or ongoing transposition harbor relatively homogeneous copies.
We found that the transpositional activity of SINE families is variable in scale and duration and independent of the Poaceae species, resulting in species-specific amplifications during the radiation of the Poaceae (Figures 4 and  S7) . For example, ZmSINE1 lost its activity in some species (in barley earlier than in maize) while it is presumably still active in wheat, as suggested by the high number of homogeneous copies (Figures 4 and S7) . Similar observations are reported from SINEs in Amaranthaceae and, in particular, for potato and tomato in the Solanaceae (Schwichtenberg et al., 2016; Seibt et al., 2016) . However, similar activity profiles of SINEs across a species border were detected between cultivated and wild varieties of tomato .
Moreover, we also found indication for the reactivation of a SINE family after a long period of inactivity: OsSN2.2 must have emerged in an ancestor of the Poaceae 60 mya since it is distributed in species of the Pooideae and Panicoideae (Figure 1 ). While OsSN2.2 has ceased after a long period of transpositional activity in Pooideae species such as barley and wheat, homogeneous and hence relatively recent copies were found only in S. bicolor ( Figure S7 ).
The activity profiles deduced from similarity intervals allow insights into the origin of subfamilies, for example in the group of PoaS-X subfamilies: PoaS-X.3 has been active for a long period in barley and wheat, while PoaS-X.1 and PoaS-X.2 emerged later and were amplified to a different extent in both species ( Figure S7 ). Thus, PoaS-X.1 and PoaS-X.2 most likely evolved from diversified PoaS-X.3 copies.
It has to be taken into account that the number of SINE copies may be underestimated due to diversification being too high (similarity to consensus falling below 60%). Moreover, our conclusions about activity profiles rely on similarity values which are based on the assumption of an equal mutation rate over time and in different genomic regions or chromatin status. Nevertheless, the majority of wheat SINE families may still be active because of the high number of transcripts detected in transcriptome data (Figure 4c , Table S8 ). Presumably, not all transcripts must originate from SINE activity, since SINEs are frequently found in genes or genic regions (Lenoir et al., 2001; Baucom et al., 2009; Seibt et al., 2016) and, therefore, are not necessarily transcribed by RNA polymerase III. In wheat, the highest number of SINE transcripts (241 ; Table S8 ) was found for the ancient and widespread Au family which indicates, together with a high number of young copies (328 of 471 copies between 90% and 100% similarity; Figure S7) , that it might represent the currently most successful propagating SINE in the genome of T. aestivum. Furthermore, this example demonstrates that the relative age of SINE copies gives an insight into the recent transpositional behavior, but cannot be correlated with the estimated minimum age of the SINE family.
The exemplary physical mapping of SINEs by fluorescent in situ hybridization (FISH; Figure 3 ) revealed contrasting hybridization along chromosomes of PoaS-X subfamilies (74-97% similarity) and distal clustering of ZmSINE1 (75% similarity).
FISH experiments also revealed a typical distribution pattern of plant SINE copies within the genome. In particular, distal and pericentromeric chromosome regions are often highly populated by SINEs. The distal regions are gene-rich in plants as shown, for example, in barley (Mascher et al., 2017) , hence providing a safe environment for the survival of SINEs. The dispersed distribution of SINEs corresponds with their weak insertion preference which is specified by only one adenine or thymine or short stretches thereof (Wenke et al., 2011; Schwichtenberg et al., 2016) .
Evolution of SINE families
We provide evidence that, in Poaceae, new SINE families mainly evolve from existing ones detectable by conservation and similarity of 5 0 or 3 0 parts. Indications for evolutionarily young SINE families are high similarities between the 5 0 region and a specific tRNA gene over the whole length, if the SINE developed de novo (Zhang and Wessler, 2005; Wenke et al., 2011; Schwichtenberg et al., 2016) . The 'shuffled' structure of Poaceae SINE families ( Figure 7 ) suggests different evolutionary scenarios that can explain the conservation and relatedness between SINE families and their routes of diversification.
We postulate the following model of SINE evolution: SINE emergence based on the abortive reverse transcription of SINE copies or reverse transcription of 5 0 -truncated SINE transcripts (e.g. read-through transcription starting adjacent to genes) into existing SINEs is illustrated in Figure 10 . This scenario is supported by a high variability observed in the 3 0 structure of Poaceae SINE families. For example, the different lengths of the common 5 0 region of the ZmSINE2 families, OsSN3, OsSN1 and PoaS-XII can be explained by recruitments of diverse sequences in their 3 0 region (Figures 7 and 8) . Also, there are SINE families (e.g. ZmSINE2.3, OsSN1) with rearranged 3 0 regions of several different SINE families, suggesting nested integration. Consistently, we found in nine SINE families more 5 0 -truncated SINE copies than full-length SINE copies ( Figure S3 , Table 1 ; Wenke et al., 2011) . The truncation most likely takes place during target-primed reverse transcription which starts at the 3 0 tail and continues towards the 5 0 tRNA-related region (Zingler et al., 2005) . Interruption of this process occurs frequently and has also been described for LINEs, which provide the reverse transcription machinery for SINEs (Chen et al., 2007; Wenke et al., 2009 Wenke et al., , 2011 . Also, 5 0 -truncated LINE transcripts may contribute to the shaping of the 3 0 region of SINEs. In a similar way, the formation of the TS SINE in tobacco was explained by the integration of a 5 0 -truncated LINE sequence (SolRTE-1) into the SINE SolS-V (Wenke et al., 2011) . Moreover, ZmSINE2 and ZmSINE3 share their 3 0 end with LINE1-1 (Baucom et al., 2009) . Additional SINE/LINE partnerships within the Poaceae have not been detected yet.
The phenomenon of shuffled SINE structures was also reported in the Brassicaceae (Lenoir et al., 1997; Zhang and Wessler, 2005; Deragon and Zhang, 2006) , rice (Tsuchimoto et al., 2008) and animals (Ziȩtkiewicz and Labuda, 1996; Buzdin et al., 2002 Buzdin et al., , 2003 Takahashi and Okada, 2002; Nishihara et al., 2006) . However, chimeric structures were predominantly described for SINE subfamilies rather than for different families in animals and plants (Roy et al., 2000; Takahashi and Okada, 2002; Zhang and Wessler, 2005) .
An important scenario is the evolution of large SINEs by adjacent integration of related or unrelated SINE copies resulting in homodimerization (PoaS-XIV) or heterodimerization (all other examples in Figure 6 with ZmSINE2.2 as a potential trimeric SINE). A striking example for an ongoing emergence of novel SINE families is the single homodimeric PoaS-XIV copy which consists of two former PoaS-X.1 copies: the PoaS-XIV SINE exclusively exists in wheat, while the founder PoaS-X.1 subfamily is present in moderate copy number in wheat and barley. SINE trimers have only been recorded in the colugo (CYN-III; Schmitz and Zischler, 2003) and in the tree shrew (Tu type II; Nishihara et al., 2002) so far. In animals a broader range of different SINE dimers is known: both units derived from tRNA (Feschotte et al., 2001; Churakov et al., 2005) , hybrid 7SL RNA/ tRNA SINEs (Nishihara et al., 2002) , or both units derived from 7SL RNA (Ullu and Tschudi, 1984) .
The generation of species-specific SINE variants with diagnostic positions together with a stepwise and random recruitment of alternative 3 0 regions results in novel SINE families. All structural rearrangements are followed by amplification and population of the respective genomes. After integration of 3 0 regions of SINEs (Figure 10 , SINE A) into existing, unrelated SINEs, the 3 0 tail of the originally intact SINE copy (Figure 10, SINE B) is not needed for reverse transcription of the newly formed SINE and most likely decayed as it is no longer detectable ( Figure 10 , SINE C). However, due to the presence of two SINE tails in the interrupted SINE B copy (internal T stretch and 3 0 poly(A) tail), alternative transcripts are possibly contributing to ongoing diversification ( Figure 10 , SINEs C and D). Divergence during transmission from generation to generation combined with episodes of amplification over evolutionary time scales results in SINE subfamily structures with numerous diagnostic mutations, as observed for the PoaS-XI, PoaS-X and OsSN2 subfamilies. This mode of subfamily formation is widespread in plants and animals (Deininger and Batzer, 1995; Price et al., 2004; Wenke et al., 2011; Schwichtenberg et al., 2016) . The changes may either result from spontaneous mutations in the integrated SINE-DNA or be introduced during reverse transcription. Reverse transcriptase is error-prone and lacks the proofreading function found in conventional DNA polymerases, resulting in error rates which are orders of magnitude higher.
It is also conceivable that gene conversion and template switching are involved in the formation of new SINE families, explaining shared internal regions. For example, ZmSINE2.3 shares a 39-bp internal region with PoaS-IX, 7 bp prior to the 3 0 end (Figure 7 ). Gene conversion refers to a recombination event between two different SINE copies of the genome. Based on highly similar regions, a SINE copy donates part of its sequence to another SINE copy, thereby substituting part of the sequence of the acceptor SINE copy (Ziȩtkiewicz and Labuda, 1996; Lenoir et al., 1997) . In contrast, the template switch of the reverse transcriptase, described as a common phenomenon for retroviruses and retroelements, is most probably based on RNA recombination during the reverse transcription of multiple cellular RNAs into cDNA (Negroni and Buc, 2001; Eickbush, 2002, 2004) . Indeed, it could be shown that recombinant SINEs are formed at high frequency during induced retrotransposition in vivo based on a multiple template jumping of the LINE-RT (Yadav et al., 2012) . The newly generated chimeric SINE has to be propagated to create a novel SINE family. Hence, the template switch model may also explain shuffled SINE structures as it is based on the shared retrotranspositional machinery of SINEs and LINEs, involving only SINE transcripts, as well as transcribed LINEs and pseudogenes as putative 'switch partners' (Buzdin et al., 2002 (Buzdin et al., , 2003 .
Distribution in grass genomes
Plant SINE families are usually distributed within closely related species but can also exhibit surprisingly high levels of partial or complete conservation and similarity over wide taxonomic distances. The number of different SINE families per genome ranges between five (maize) and twelve (rice) for the grass species investigated in this study. Among the 32 SINE families and subfamilies, only the PoaS-V SINE family, consisting of the subfamilies PoaS-V.1 and PoaS-V.2 is present in all seven grasses investigated here. Also widespread are ZmSINE1 and Au, which were found in six species, while eight SINE families (e.g. PoaS-I, PoaS-IV, PoaS-VII, PoaS-IX and PoaS-XIV) are present in only a single genome.
In many examples the species distribution of the SINEs analyzed does not match the phylogenetic relation of the species. Horizontal transfer, perhaps mediated by animal pests or by close physical contact, is frequent and an important mode of genome evolution (Bock, 2010; Gilbert et al., 2010; Schaack et al., 2010) . Therefore, horizontal transfer cannot be excluded; however, the wide geographical distribution of the Poaceae species makes this event very unlikely.
Using the Au SINE family, widely distributed among angiosperms and gymnosperms, as a model, Fawcett and Innan (2016) postulated that the high similarity of the SINEs between very distantly related species can be explained by vertical transmission. Similarly, it is conceivable that many SINE families described here, such as SINEs occurring in single species (e.g. PoaS-IX), might have emerged in the ancestor of the Poaceae and before the split of the three Poaceae subfamilies 60 mya and have been vertically transmitted.
As SINEs are mobilized as copy-and-paste retrotransposons, copies are retained in the genome. Nevertheless, the patchy distribution of the 32 identified SINE families in the Poaceae indicates evolutionary dynamics and may also result from incomplete lineage sorting of the active SINE copy (master copy). Amplification, selection and strong diversification of SINE copies during speciation lead to lineage-specific SINE copy numbers. Removal of SINE copies probably occurs in some rare cases, and is possibly caused by short genomic deletions or recombination between small homologous regions such as the TSDs (Devos et al., 2002; Van De Lagemaat et al., 2005) . However, the complete loss of all copies of a given SINE in a species while it is conserved in others is very unlikely. Therefore, it is more conceivable that SINEs became inactive and highly degenerate until they fall below the level of recognition by our approach and escape detection. Nevertheless, even if some copies have been missed, the SINEs identified here provide a collection of small non-autonomous retrotransposons as a reference, which is useful for plant genomics.
EXPERIMENTAL PROCEDURES Computational methods
Poaceae sequence data, provided on the NCBI homepage (http:// www.ncbi.nlm.nih.gov), were compiled to a local database of 14.3 Gb containing 6 671 415 sequences. A list of the species analyzed and sequence data is provided in Table S1 . Genomes of wheat (http://www.ebi.ac.uk/ena/data/view/ERP000319) and barley (ftp:// ftp.ebi.ac.uk/pub/databases/embl/release/wgs/ca/; file name : wgs_ cajw01_pln.dat.gz) were screened separately. For SINE identification the SINE Finder algorithm (Wenke et al., 2011) was used. Deviations from standard parameters are: size of overlap (1000 bp), TSD score cutoff (5 bp) and direction of TSD search (both directions). SINEs were selected based on the presence of the RNA Pol III promoter boxes A and B, a poly(A) or poly(T) stretch at the 3 0 end and paired TSD sites. Resulting SINE cluster were built up from the aligned SINE-Finder hits and compared with known plant SINE consensus sequences. Comparative BLAST searches using identified SINEs as queries were performed to uncover diversified SINE copies. SINE family assignment was based on a threshold of at least 60% sequence similarity compared with the consensus element according to Wenke et al. (2011) . Separation into subfamilies was conducted using diagnostic nucleotide changes, different consensus lengths and similarities below 85%. The tail sequences and TSDs were analyzed as follows: tails must have a minimum length of five nucleotides, beginning at the conserved 3 0 end of the SINE copy (first up to fourth position following the 3 0 end); a mismatch in the tail sequence has to be followed by a minimum of three adenines for a poly(A) tail and three thymines for a poly(T) tail. Tail sequences differing from these criteria were classified as 'not detectable'. TSDs were recognized when they had a minimum length of five nucleotides, allowing mismatches if the TSD is further extended by at least three nucleotides.
Statistical tests were used to detect potential correlations between three major characteristics of SINEs: TSD lengths, tail lengths and similarity values were analyzed using the Shapiro-Wilk test to verify that the data of these three features are normally distributed. Subsequently, the Pearson correlation coefficient was calculated for normally distributed data. If the data failed the normality test, a Spearman's rank correlation was performed.
The interspecies distribution of the identified SINE families was analyzed in the local databases of Poaceae genomes, which were based on the WGS (whole genome shotgun) section of the NCBI homepage (ftp://ftp.ebi.ac.uk/pub/databases/embl/release/wgs/). For database searches, consensus PoaS SINEs were used as queries (listed in Table S2 ). Alignments and BLAST searches were implemented using stand-alone versions of MUSCLE (Edgar, 2004) , UCLUST (Edgar, 2010) , and FASTA (ftp://ftp.ebi.ac.uk/pub/ software/unix/fasta/fasta36/). Furthermore, Geneious Pro 6.1.7 (2005-2014 Biomatters Ltd.) was applied for MAFFT alignments and BLAST searches to derive consensus elements and primers. The number of transcripts of wheat SINE families was determined by NCBI megablast searches (Zhang et al., 2000) in the transcriptome shotgun assembly of T. aestivum (NCBI taxid 4565). An artificial tail sequence of nine adenines and thymines, respectively, was attached to the respective consensus sequences. Sequence similarities and dendrograms were calculated by MEGA 5 software (Tamura et al., 2007) , applying the neighbor-joining distance method and the maximum composite likelihood nucleotide model to the MAFFT alignment.
Plant material and DNA isolation
Seeds of wheat (T. aestivum, Chinese Spring, TRI 12922) and maize (Z. mays, maiz de gallina, ZEA 3511) were received from the Genbank of the Leibniz Institute of Plant Genetics and Crop Plant Research (IPK), Gatersleben, Germany. Plants were grown in a greenhouse under long-day conditions. Genomic DNA was isolated from young leaves using the cetyltrimethyl ammonium bromide (CTAB) protocol (Saghai-Maroof et al., 1984) .
Fluorescent in situ hybridization
To prepare mitotic metaphase chromosomes, root tips from T. aestivum and Z. mays were synchronized as follows. Seedlings from T. aestivum were incubated in aerated ice water overnight with a 24-h recovery time, while seedlings from Z. mays were incubated in 2 mM 8-hydroxyquinoline for 4 h. Fixation of harvested root tips was carried out in methanol:acetic acid (3:1). The meristem of the root tips was macerated for 1 h at 37°C in an enzyme solution containing 2.0% (w/v) cellulase from Aspergillus niger (Sigma, http://www.sigmaaldrich.com/), 4.0% (w/v) cellulase Onozuka R 10 (Serva, http://www.serva.de/enDE), 5% (v/v) pectinase from A. niger (Sigma), 2.0% cytohelicase from Helix pomatia (Sigma) and 0.5% pectolyase from Aspergillus japonicus (Sigma) in citrate buffer (4 mM citric acid, 6 mM natrium citrate, pH 4.5). Chromosomes were spread onto pre-cleaned glass slides according to Schmidt et al. (1994) . SINE family-specific probes, derived from the 3 0 SINE region (Table S3) , were labeled by PCR with biotin-11-dUTP (Roche, http://www.roche.com/). In situ hybridization was carried out as described by Heslop-Harrison (1991) . Chromosomes were counterstained with 4 0 ,6 0 -diamidino-2-phenylindole (DAPI) and mounted in antifade solution (Vectashield, Vector Laboratories, https://vectorlabs.com/). Microscopy was executed with a Zeiss Axioplan2 Imaging fluorescent microscope using filters 02 (DAPI) and 15 (Cy3). Images were acquired with the Applied Spectral Imaging v. 3.3 software coupled with an ASI BV300-20A highresolution CCD camera and optimized by Adobe Photoshop 7.0 software using only functions affecting the whole image equally. Figure S3 . Ratio of full-length to 5 0 -truncated copies. Figure S4 . Position of box A and box B motifs and their distance within plant SINE consensus sequences. Figure S5 . Conserved nucleotides of promoter motifs for Poaceae SINE families and subfamilies. Figure S6 . Conservation of 5 0 start motifs of Poaceae SINE families and subfamilies. Figure S7 . Similarity of SINE family members to their consensus sequence. Figure S8 . Structural differences between the subfamilies PoaS-V.1 and PoaS-V.2. Figure S9 . Structure of the homodimeric SINE family PoaS-XIV. Table S1 . Genome data sets analyzed in this study. Table S2 . Consensus sequences of Poaceae SINE families. Table S3 . Distribution of Poaceae SINE families in seven Poaceae species. Table S4 . Primers used for synthesis of Poaceae SINE probes for fluorescent in situ hybridization. Table S5 . Intervals of average similarity values of Poaceae SINE families. Table S6 . Average length of target site duplication and the 3 0 tail of Poaceae SINE families. Table S7 . Analyzed plant SINE families with regard to the position of A and B box motifs. Table S8 . Transcribed SINE families of the wheat genome. Table S9 . Potential promoter motifs of multimeric SINEs.
